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The problem investigated was the maimer of dissipation 
of shocks in air f lowing through a nozzle* The shooks ob- 
served were oblique shocks* They were formed by decreasing 
the back pressure on the nozzle exit by means of an ejector. 
The mouth of the nozzle wao open to laboratory air. The 
back pressure wan increased after the chocks were formed by 
closing the valve between the nozzle exit end the ejector, 
causing dissipation of the shocks. The phenomena were ob- 
served by means of a high speed aovie ennera. The results 
indicated that the shocks formed dissipated in the throat 
of the nozzle. They were never observed upstream from the 
throat * 
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INTRODUCTION. 



In a Schlieren study of two dimensional ejectors, Hr. 

F. Lustwerk noted the appearance of a sharp fronted dis- 
turbanee In the subsonic secondary strews under certain 
conditions. It was desired to know how long the secondary 
stream could support this disturbance and the manner of ita 
dissipation. 

It was decided to simplify the problem by removing the 
priiattry stream frora the elector; that is, to investigate 
the dissipation of a shock in a two dimensional nozzle. 

This was done to reduce the number of variables involved, 
bo that sons results could be obtained in the allotted time. 

To attack this problem, it was decided to set up a con- 
vergent-divergent nozzle which was supplied -by opening the 
mouth of the nozzle to the atmosphere, to keep entering tur- 
bulence as low as possible, and to supply the necessary 
controlled pressure drop by means of an ejector and suitable 
valves. Then the phenomena related to the dissipation of 
the shocks formed in the nozzle could be observed through a 
Sehlieren optical system and recorded on a photographio 
medium. A few single flesh pictures ware taken to ascertain 
that there were dynamic effects to be observed. Then high 
speed movies were taken of these effects. 
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APPARATUS. 



The major ploc© of equipment used in this investigation 
was a double pass Schlleren optical eystoa. Tig. 1 Is a 
sketch of this apparatus, and a more complete description 
and discussion of it la given in the Appendix* 

The nozzle used was a convergent-divergent t^o dimen- 
sional nozzle made of mild steel, with glass end walla. The 
nozzle was one-half inch wide and for a distance of one-half 
inoh was parallel to the longitudinal axis of the nozzle. 

The entry to the throat consisted of the arcs of two circles 
of six inoh radii, and extendad about three and ono-half 
inches along the longitudinal axis. (Sea Fig. 2.) The di- 
vergent portion of the nozzle consisted of two planes placed 
at a four degree slope away from the longitudinal axis* The 
comer between the throat section and the divergent section 
was carefully blended to destroy the sharp corner. Fig. 3 
is a drawing of the frame used to mount the test section. 

Fig. 4 is a sketch of the nozzle assembly as it was used. 

The glass walls of the nozzle were cade of high grade optical 
glass, and the surfaces were ground optically flat and parallel. 

To take the pictures shown in the results, a standard 
"Efigorton type", high -’peed, thirty-five millimeter movie 
camera was used with an air gap spark substituted for the 
Edgerton flash ub is a light source. The Appendix fully de- 
scribes this ap T«tu8 and Fig. 5 is a schematic wiring diagram 
of the light ou ce. 
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The film used ms ^stiian \odak Company's * t ,:upor XX", 

developed for maximum contrast in the mime Corpany's atari- 

« 

dard developer "D-ll" for sixteen minutes. For further 
discussion of the photography methods see the Appendix. 

The required, pressure difference across the nozzle 
was obtained by reducing the downstream pressure from et- 
rospharw by means of an ejector. 

The flow of air was from atmosphere, through the test 
seotion, suitable piping, a butterfly valve, a silencer, 
and a globe valve to the secondary stream of the ejector. 

In taking a high speed series of pictures, the follow- 
ing procedure was used. he prensurc difference acroos the 
nozzle was adjusted by use of the globe valve, until a shock 
was observed in the aperture of the camera. The general il- 
lumination in the laboratory was switched off, and the camera 
was started. The butterfly valve, which was spring loaded 
to the wide open position, was manually clo* «•? . Next, it was 
allowed to open fully. This valve cycle was repeated two or 
three times during the exposure of a hundred feet of film. 

The film speed throu-h the camera averaged about fifty feat 
per second. *ihis mace the time interval between exposures 
about one five -hundredth of a second. The exposure time of 
each exposure was about five microseconds. 
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RESULTS. 



The results are presented as pictures In Figs, 6 through 
32, They are selected series of ezilar e I'. nts made from ono 
of the hundred foot lengths of exposures a *de in the high 
speed camera. The whole length contains about twelve hundred 
exposures, many of which would bo of no interest. In select- 
ing the pictures to be presented, an attempt was made to se- 
lect those demonstrating rtoot clearly the phenomena occurring 
in the fewest number of exposures, 3inoe tima was an element 
of inter oot in tho investigation, the continuity of each series 
was maintained; that is, within each series, the pictures pre- 
sented follow each other in sequence, with a time interval 
between pictures of one five-hundredth of second. The boun- 
dary layer group of pictures are an exception to this in that 
they were of necessity made on another strip of film and were 
isolated selections and not c continuous series. 

Figs. 6 through 13 are one series. his cries demon- 
strates the nature of the multiple shocks at a pressure ratio 
somewhat below critical, and are fro n a section of the film 
in which no change was occurring in the back pressure. They 
chow clearly the oscillations of the shocks occurring in the 
"steady state* condition. 

Figs. 14 through 16 show the manner of dissipation of 
the shocks with increasing pressure ratio. 

Figs. 19 through 27 show the manner of formation of the 
shock with decreasing pressure ratio. 
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Figs. 28 through 32 a re the picture# of the boundary 
layer, selected to show variations in pressure retio from 
below critical to one. 

It should be noted that no attempts haV© been made to 
obtain quantitative results because such results, using a 
double pass Schlieran optical system, are extremely diffi- 
cult to obtain. 

The disturbance which may be noted on one side of the 
nozzle throat of all pictures was caused by a assail nick in 
the comer of the nozzle half. This nick was about .01 
Inches deep by .01 inch©* across and about one-eighth of an 
inch long. 
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DISCUSSION OF IiJSULTS. 



As can bo seen in Fig. 6, the change from supersonic 
flow In the throat to subsonio flow downstream of the throat 
occurred through a multiple shock. Taking Fig. 10 as an 
example, and considering the occurences in the direction of 
flow: the velocity increases through the throat section. 

Just behind the throat, a region of compression occurs which 
is thicker in the center of the flow area and decreases to a 
point before reaching the nozzle boundary, thus Indicating 
the presence of a boundary layer. The downstream side of 
this region is flat. Next downstream is a region of expan- 
sion which appears to be a miwror image of the compression 
region. At the centerline, the expansion region grades into 
another compression. Away from the centerline and between 
the first expansion and the following compression, lies a 
wedge shaped constant flow region. Following the second com- 
pression the above described phenomena appear cyclically. 

It appears that other photographs contain the same type 
of compression-expansion waves though not so symmetrically 
arranged, and the outer ends of the upstream side of the 
compressions are seldom so clearly bent downstream from the 
oenterline of the nozzle. 

Fig** 14 through 18 show the dissipation of these 
shocks. They move into the throat and weaken in intensity. 
They were never observed upstream of the throat section. 
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This would indicate that the subsonic stream will not sup- 
port this type of shock over any considerable distance, if 
at all. 

Since other shocks have been observed in a subsonic 
stream, an was mentioned in the Introduction, the question 
of. the mechanism of the shocks observed becomes paramount. 

Two attacks are possible; one is to start with the hypo- 
thesis that the conpression shock foras itself in midstream. 
Then by observing closely Figs, ZB through 32, which are 
photographs of the boundary layer, slight waves in the boun- 
dary layer can be detected. The key to the nature of the 
shocks lies in the relation of these waves to the shocks. 
Considering the boundary layer as a region of constant pres- 
sure, the reflection of the compression ahock is a "Prandtl- 
keyer expansion wedge". As has been noted, sn expansion 
exists after the compression shock. Then the next compression- 
expansion series follows since supersonic flow ancy exist out 
of the first expansion. This process is repeated until finally 
subsonic flow is attained from the last expansion wedge. There 
is no apparent relation between one shock {compression and ex- 
pansion) and the cycle following It. 

The weakness in this explanation lies in the hypothe- 
sized compression shocks which must start in midstream. 

If, on the other hand, consideration i first taken of 
the boundary layer, *hich is evidently rather thick, then 
the following explanation may be mads. Slight variations in 
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the thickness of the boundary layer caused by local oscil- 
lations in velocity and pressure such as have been found 
on investigating the boundary layer of a flat plate (Ref. 3) 
lead to the conclusion that a convex boundary layer surface 
say exist. If it is further assumed that the flow in the 
•tree* attempts to follow these fluctuations in the boundary 
layer thickness* then the situation as described in Kef. K 
exists. That is, the flow along a carved boundary is con- 
tinuous as long ss the radii vectors drawn at Machs angles 
from any point on the boundary do not intersect. When the 
boundary roaches a sufficient degree of concavity, the radii 
vectors do intersect and a region of discontinuous flow re- 
sults. The compression wave thus formed would occur slightly 
downstream of the concavity in the boundary layer which 
caused it, thus causing a region of htghor pressure at a 
point where the tendency of the boundary layer is to expand. 
To equalize the pres our e, the boundary layer contracts caus- 
ing an expansion of the free stream greater than the nozzle 
walls indicate. The turnin* of the free stream causes a 
further depression of t**e boundary layer which is attempting 
to expand with the decreasing pressure gradient, as the 
stream Is deflected fro tl u boundary layer a concavity in 
the boundary layer occurs cifUGing the follovin* compression 
shock end anoth r cycle of the abov* mechanism, and so on 
until subsonic flow results. 
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In either explanation posed above, each of the mul- 
tiple shocks would be oblique, not a plane compression 
shock, and the exit velocity of the stream may be either 
supersonic or subsonic. In the first explanation posed 
above, a shock similar to the "hypothesized" shock has 
been observed in ttohlleren pictures of flow around an air- 
foil taken at the Guggenheim Laboratory at California In- 
stitute of Technology. This shock generally slants up- 
stream from the boundary layer and does not lie along a 
straight line. In the second explanation above, assuming 
the mean surface of the boundary layer is parallel to the 
nozzle walls, tho shook must slant downstream from the 
boundary layer, though not necessarily along a straight 
line. However, if the mean surface of the boundary layer 
diverges enough from the nozzle walls, then the shock 
might well slant upstream from the boundary layer. The 
results of this Investigation show no conclusive evidence 
that the shocks bend in either direction. Also, there is 
no accurate correlation between any one shook and the boun- 
dary layer adjoining it. Renee, no definite conclusion can 
be reached as to the relation between the waves in the 
boundary layer and the multiple shocks, except that they 
both exist at the condition of maximum flow through the 
nozzle. 

The dissipation of these shocks, as may bo observed 
in figs. It through 18 , oooura as a weakening of the com- 
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pression region ami a movement upstream Into the throat 
of the nozzle. Apparently the cause of the shocks must 
move upstream and its Intensity must decrease. Since the 
velocity of the free stream decreases, any cause of the 
shocks lying in the free stream might be expected to move 
upstream, but once this notion has started, it would be ex- 
pected that the motion of the cause of the shocks would not 

atop at the throat or any other particular point, 

> 

On the other hand, if the position of the cause of the 
shocks is a function of the ratio of the mean boundary layer 
velocity to the mean free stream velocity, the shocks could 
conceivably more to a point where this function is again 
satisfied, 

.flth supersonic flow it is difficult to visualize how a 
shock caused by free stream disturbances can do anything but 
move downstream at a velocity equal to the difference between 
the local sonic velooity anc the velocity of the free stream* 
Figs. 6 through 13 show, however, that n compression wave 
may be traced from on© figure to the noxt and that the motion 
of individual shocks may be traced going down3tr* «*•, then 
reversing and moving upstream. The rate of change of this 
motion is about two hundred cycles per seconc . ,n he region 
of this oscillation is from the downstream side of the throat 
section to about one throat diameter downstream of this point 
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It is rather easy to visualize this condition whe a 
the upstream variation in the thickness of the boundary 
ha» a action of the same frequency* As described in 
Kef. this oscillation of boundary layer velocity end 
pressure actually exists on a flat plate in a subsonic 
stream and hence may be supposed to occur on the surface 
of the nozzle in a supersonic stream* 

It wao noted that when tho shock was not too far 
downstream of the throat, but was in existence, a swishing 
sound could be heard issuing from the nozzle. As the back 
pressure was decreased and the shock moved further down- 
stream, the sound decreased in frequency and intensity un- 
til it could not be heard. 

It was further noted that with the maximum pressure 
difference obtainable across the nozzle the nature of the 
shook changed slowly with time* When the full pressure 
drop was attained by opening the valves controlling the 
flow through the nozzle, tile shook appearing on the screen 
appeared similar to that shown in Figs. 26 and 27 • After 
about forty-five seconds to a minute, this shock would have 
disappeared and in its place could be seen the multiple 
ebooks similar to Fig, 8 and usually well downstream of the 
throat. The nature of this slow change was not observed. 

If the flow was instantaneously interrupted, the single 
shock of Fig. 27 would again aupenr. 
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Professor Keenan has suggested that this stay be a 
temperature effect. The stream being cooler than tho 
surroundings would in time cool the * alia or the nozzle 
and the stream itself would increase in velocity due to 
the heat absorbed by the stream. Ail the walls of the 
nozzle ccoled, loss heat would be transmitted to the 
stream, thus decreasing the velocity, and hence the strength 
of the shook, permitting the multiple snooks to fora# 

As can be clearly seen in * igs# 25, 26 and 27, a con- 
densation shock was observed# This shook wan annoying in 
that it blanked out sons pictures that al*ht otherwise 
have been of interest. However, its position in relation 
to the throat remained fairly constant and *e s generally 
downstream of the multiple oblique shocks when the pressure 
ratio across the nozzle was near critical. It Is mentioned 
by way of explanation of the darkened region towards the 
nozzle exit. It is not felt that this condensation shock 
had any marked effects on the results. A more complete dis- 
cussion of condensation shocks may bo found Id Fef# 7« 

The results presentee are far from conclusive as to 
the manner of diosi "tion of the shocks, as to the nature 
of the shocks the* ^©lvas, and cb to the relation between 
the boundary layor tnr the shock©. It would have been in- 
teresting, had time permitted, to find the relation between 
the boundary layer and the shocks. This could have been 
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done by taking e run similar to those made with an angle 
of forty -five decrees between the nozzle axis and the 
Schlieren knife edge. Correlation of such a set of pic- 
ture* with those obtained could hcve been ouch acre in- 
formative than the results obtained. 
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C0HC1U5I0K3. 



1. The oblique shook observed in this investigation 
dissipates very quickly or never exists in a subsonic 
stream. 

2. The results indicate that there is a close cor- 
relation between the boundary layer and the oblique sfcooks 
existing. 

3* The noise issuing from the south of the nozzle, 
at pressure ratios slightly below critical, ie caused by 
oscillation of the shock in "steady state". 

4. The condensation shock presents no problem in 
this type of investigation since it occurs downstream of 
the effects observed. 

5* Two distinct types of dynamic change occur under 
the conditions investigated; namely, a high speed oscilla- 
tion of the multiple shocks, and a ralativaly slow change 
from a plana compression shock to the multiple shocks* 

Both effects occur with no change in the pressure ratio 
across the nozzle. 
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A quantitative Cehlierca investigation of 
tion between the boundary layer and the shocks 
supersonic stress sight lend much light cs the 
and dissipation shocks. 
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FIGS. 6 to 14* 
SERIES 1. 



TAKEN MAY 9, 1946, AT 3 P.M. , AT M.I.T* 

PRESSURE RATIO, NOZZLE EXIT TO ENTRANCE, CONSTANT 
ENTRANCE PRESSURE, ATMOSPHERIC 

TIME INTERVAL B ETtfXEN PICTURES, ONE FIVE HUNDREDTH SECONDS 
EXPOSURE TIME, FIVE MICROSECONDS 
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FIG. 6. 
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FIG. 8. 
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FIG. 10. 




FIG. 11. 
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FIG. 13 . 





FIGS. 14 to 19* 
SERIES 2. 

TAKEN MAY 9, 1946, AT 3 P*M. , AT M.I.T. 
PRESSURE RATIO, NOZZLE EXIT TO ENTRANCE, 
ENTRANCE PRESSURE, «1M0SHIERIC 
TIME INTERVAL SEMEN PICTURES, ONE FIVE 
EXPOSURE TIME, FIVE MICROSECONDS 



INCREASING 
HUNDREDTH SECONDS 
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FIG-, 17* 





FIG. 19. 






FIGS. 19 to 28. 

SERIES 3* 

TAKEN MAY 9, 1946, AT 3 P.M. , AT k .I.T. 

PRESSURE RATIO, NOZZLE •XI? TO EKTRANC* , I : CKF, SING 
IITTMIICS PRJ3SUHX. aTSSOSPNERIC 

TIME INTERVAL BE BEN PICTURES, ONE FIV T HUNDREDTH SECOifPS 
EXPOSURE TIME, FIVE MICROSECONDS 
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FIG, 20, 




FIG, 21, 







FIG. 22. 





FIG. 23, 








FIG. 26. 







FIG. 27. 
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FIGS. 28 "HRGU&H 32, 



TAKFJK UAY 12, 19U>, AT 10 A.M., AT 
PRESSURE KATIC , MOJIZL& EXIT TO ERTRAlfCl , INCRM 
ENTRANCE PRK&SU.E, -T/OSF^r.IC 
EXPOSURE TIKE, FI Vi ICROSEGOhTS 



Kote: 



Pictures are not oop-irated by const int tine 
interval but are selected to show typleaX 
structures found. 
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FIG. 28. 




FIG. 29. 
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FIG. 30. 






AP>IHTIX I. 



EETAlI&r TKX vIHIIOH t : fr PI CU-3IQK g j\?fr EATU3 . 

tb: scHLi&RDf icunvucT 

Tli* Schlieren optical method was used to observe the 
phenomena Investigated, The system used ie sketched in 
Fig. 1. It consists essentially of a light source, a small 
plane mirror, a spherical concave mirror with a twenty-four 
foot focal length, a knife ed»?e, a screen of ground glass, 
or photographic film, a system of corrected convex lenses, 
and the model to be observed. 

Referring to Fig, 1, light is collected from the source 
"A", by the condensing lens f *B n , and focused on the small 
plane mirror W C". The point of focus is a point on the side 
of the plane mirror nearest the optical axis. of the bench. 

A portion of the image of the source is allowed to pass 
between the mirror and the optioal axis. This insures a 
sharp edge on the image cast back to the knife edge and per- 
mits accurate sensitivity adjustments. The light from the 
plane mirror la then cast through the test section on to the 
concave mirror ”D H , Thence the light 13 reflected back 
through the test section to the knife edge "E". 

The knife edge is in the same plane as the plane mirror. 
This plane is located at one half the focal length of the 
mirror away from it, as measured along the optical axis. The 
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knife edge is parallel to the edge of the ntrror nearest 
the optical axis, so that light passing the knife edge ap- 
pears as a sharply defined rectangular slit. The condens- 
ing lens "P" collects the light and the lens H G" focuses 
the light so that the test section is defined on the screen, 

A decreasing density gradient toward the knife-edge 
side of the test section (downstream) causes a deflection 
of the rays passing through the test section away from the 
knife edge. An increasing pressure gradient in this direc- 
tion refracts the light toward the knife edge, Thus, a 
decreasing density gradient in the direction of flow appears 
as a lighter region and an increasing one appears as a dark 
region, 

A rotating table was used to mount the light source, 
so that the apparatus would be lined up and cdjustod with a 
steady source; then pictures could be taken with the flash 
source by merely rotating the table. 

The sensitivity la adjusted by moving the knife edge 
into or out of the beam of light reflected by the concave 
mirror, by means of a micrometer screw. \ ovlng the knife 
edge Into the beam increases the sensitivity. That is, 
smaller refractions of the light are blacked out on the viow- 
lng screen by the knife edge. 

A complete discussion of the adjustments to the apparatus 
may be found in references (1) or (2). 
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The glass U"©d on the sides of the nozzle had a large 
effect on the results obtained. First tried, was selected 
plate glass. This glass was high quality plate glass se- 
lected by means of an Interferometer for flatness and 
parallelism of the planes, selected points in each piece 
used were examined and at no place was a curvature of 
greater than thirty seconds of arc observed. However, when 
placed on the test section and observed through the appar- 
atus, the effects of the glass ere smaller but of the same 
order of magnitude as the compression shock which was under 
investigation. £>ee Fig. A, Appendix I. therefore, it was 
necessary to obtain two optically flat pieces of glass from 
which no glass effects could be observed through this ap- 
paratus. See Fig. 16. 

Clamping stresses wore avoided by holding the gloss in 
place with cellulose tape. Pressure stresses war© small 
because pressure differences were small, of the order of 
seven pounds per square inch, ana the areas affected were 
small . The thickness of the glass used to obtain the final 
results totaled ohe inch, that is, each piece wcs one-half 
Inch thick. 

THE HIGH SPEED Jfc VIE CAiERA 

To obtain a series of piotures with a short time Inter- 
val between pictures, a thirty-five millimeter, high speed 
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camera was used, The camera consisted of two reals, one 
for unexposed film, nd the other for winding the exposed 
film, and a sprocket guide wheel, all encased in a light 
tight box fitted with an exposure aperture* A motor drove 
the exposed film reel, and tho sprocket wheel, turned by 
tension in the film fro the exposed film reel, turned a 
comutetor which actuated the light source. Frames were 
separated by the flashing light source. The camera and 
light source were capable of taking pictures at any rate. of 
speed up to twelve hundred frames per second, the speed be- 
ing controlled by a governor on the driving motor. Timing 
of the speed was effected by a sixty cycles per second spark 
at the edge of the film, loaving a blackened area on the 
edge of the film for each sixtieth of a second of ti^e elapsed 

LIOilT SOURCRo 

The steady light acurce conflicted of c filament elec- 
tric lamp, 

several typea of flashing sources were used. For the 
trial single pictures un carton Flash ube ! m a used. 

This consists of a spwrx gap in an inert g*s. lie spark 
is corned, that is, it is aacie to pass through a glass tube 
of about one eighth inch inside diameter. The spark was 
about one and one-half inches long. (Ref. (2)). 

For the hlr. h speed aeries of pieturvs the same type of 
tube was tried and found unsuccessful because the spark was 
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not corded Into a narrow enough region. This motion of 
the spark caused the light to the plane mirror at times 
to be all on the mirror so that no definition of the edge 
of the mirror could be detected at the knife edge, hence 
losing control of the sensitivity adjustment, snd at 
times to be completely off the plane mirror so that no 
light passed through the remainder of the system. 

In an effort to reduce the wandering of the spark 
an air spark gap was tried, with no attempt made to contf. 
the spark, but wandering of the ©park materially reduced 
by reducing the length of the air gap to about one-quarter 
of an inch. This echeate was satisfactory but not excellent, 
since some variation in the density of the frames could be 
observed. 

The mechanism for producing the spark is sketched 
diagrar^atically in Fig. 5. An impulse frer the commutator 
permitted the thyratkon to pass current which in turn al- 
lowed the 0.10 microfarad condenser to di charge. This 
caused current to commence flowing in the primary of the 
spark coil which induced a voltage in the secondary. This 
voltage in the secondary »*a* enough to "fire" the mercury 
tube and cause a breakdown across the air gap. Once the 
mercury tube commenced to pass electrons, the main dis- 
charge oondenscr, discharged across the air gap and through 
the mercury tube. The 1500 ohm resistor prevented firing of 
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the air gap once the main discharge condenser had dis- 
charged, but permitted this condenser to build up in 
voltage -when no cur resit was flowing through the air gap 
circuit. The rectifying nature of the mercury tube pre- 
vented a secondary jpark from forming due to any induct- 
ance that probably existed in the actual e# ia discharge 
circuit. 

PHOTOGRAPHIC TROKNIiUI 

It was found that the efficiency of the spark was 
Materially reduced as to its effect on photographic plate 
when the spark was allowed to discharge through air rather 
than through ah inert ’as. Hence, in order to keep the ex- 
posure time short, it was found necessary to use the fastest 
obtains tie movie film. It waa not considered expedient to 
hypersensitize slower fila due to the uncertainties involved, 
and the possible striations in the photographic film speed. 

The film used was Eastman Kodak Company's "fuper XX*. 

In the development of the film it was found that m«xi- 
*ur contrast could be obtained by chemically foggin* the 
film very slightly. This merely ensured full development 
of all light struck portions of the exposed film. In order 
to 60 this the co r ”rcial developer "P-ll* produced by ustman 
Kodak Company was used and a developing time of sixteen min- 
utes was used. The temperature of the developer >an maintained 
as ne-.rly at 68 de rees E. as possible to prevent excessive 
grain size in the n- ’stive. 
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FI?' AT S^ImTIOKS 

Heated wires ware placed across the nozzle entrance 
parallel to the optic®! axle, in «m effort to follow str 
lines in the flow through the nozzle, Eo • «r, these - re 
found to disrupt the flow considerably and at a^ximuia flow 
it was not feasible to ho* t the wires enough to follow the 
streamlines through the throat , It *ear *d that too 
much heat applied locally near the glass • alls of the nozzle 
might break them. In obtaining the final rcsvlta tixie scheme 
was abandoned. 



AI JTM‘ nFI.ttTK* KnMJLYS 

It mi found that relatively small movements of the 
light source in a lateral direction caused shifts in the 
inure which varied tli* ‘•©nsltlvj ty from "dark field* to 
no sensitivity a t all, 'overeats of the order of a sixteenth 
of an iv/C.: fro* the mean were all that were necessary to 
provide this chance in the position of the Image relative to 
the knife edge. It »aa further found that ••otion of the 
light source of the s&ae order of -vgriitude along the optical 
axis *;ave the '-•*© effect on the viewl nr screen due to motion 
of the focal point of the concave mirror relative to the knife 
ed#se. 

It found that when the lass walla of the test sec- 
tion wyre per endiculur to the optical < xla reflections fro* 
the suffice of the gl»sa threw stray light into the screen 
that was not tolerable. Hence, all pictures era taken with 
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an angle of about four degrees between the optical axis and 
a perpendicular to the plane of the glass walls of the test 
section. 

The interval between frames was taken at about one five- 
hundredth of a second because the spark source was more de- 
pendable at this slow speed, and because some experimental 
shots taken at higher speeds up to eleven hundred frames per 
second indicated that local movements of the shock occurred 
at much higher speeds, The camera would only handle one 
hundred foot lengths of film and at higher speeds, after al- 
lowing for the camera to ateady on the set speed, too short 
a total time interval as left for the annual operation of 
the butterfly valve. It was thou£,ht that the sudden closure 
of the valve by automatic means mifeht inject air inertia prob- 
lems into an already complicated one. Therefore, the high 
speed series of pictures taken are not continuous; that is, 
when shown through a moving picture camera they do not show 
the movement of the multiple shocks relative to each other in 
a smooth continuous motion. 

The negatives of the results have not been out, so that 
each rum remains Intact as it was made. These ne* atives are 
presented with the original copy of this thesis to l.I.T. 
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